Background and Aims: Inflammatory bowel diseases are linked to an increased risk of developing colorectal cancer [CRC]. Previous studies suggested that the H2B ubiquitin ligase RING finger protein-20 [RNF20] inhibited inflammatory signaling mediated by the nuclear factor kappa-lightchain-enhancer of activated B cells [NF-κB]. However, the role of RNF40, the obligate heterodimeric partner of RNF20, in the context of inflammation and CRC has not been addressed. Here, we examined the effect of RNF40 loss on CRC cells in vitro and on inflammation and inflammatory signaling in vitro and in vivo. Methods: We evaluated H2Bub1 levels in human and murine colorectal tumors by immunohistochemistry. Moreover, we correlated H2Bub1 and RNF40 levels in vivo and assessed the consequences of RNF40 depletion on cellular phenotype and gene expression in CRC cells in vitro. Finally, we examined the effect of a colon-specific loss of Rnf40 in a murine model of colitis, and assessed both local and systemic inflammation-associated consequences.
Introduction
Although inflammation is generally a protective mechanism, an ineffective resolution and, therefore, a potentially chronic inflammation can promote colorectal cancer formation. 1 Recently, it was demonstrated that 15-20% of cancer-related deaths are linked to pre-existing inflammatory conditions. 2 For instance, patients with inflammatory bowel diseases [IBDs] , including ulcerative colitis, have a 3-fold increased risk of developing colitis-associated colorectal cancer [CRC] . 3, 4 Given the increasing prevalence of IBDs over the past few years, numerous studies have attempted to elucidate underlying risk factors of this group of diseases. Besides environmental and lifestyle-related factors, a genome-wide association study analysis by Jostins et al. [2012] identified 163 genetic loci linked to IBDs. 5 Among others, these loci were especially associated with immuno-regulatory/modulatory genes associated with immunodeficiencies, T cell function, and cytokine production.
One of the most well-known mediators of inflammatory signaling is the nuclear factor kappa-light-chain-enhancer of activated B cells [NF-κB] transcription factor family, consisting of five members: NF-κB1, NF-κB2, RelA, RelB, and c-Rel, which can act as homo-or heterodimers. Whereas RelA, RelB, and c-Rel regulate gene transcription by binding to DNA via their carboxy-terminal transactivation domains, NF-κB1 and NF-κB2 do not possess transactivation domains, and thus differentially control the expression of NF-κB target genes. 6 The nuclear translocation of NF-κB dimers can be initiated by a variety of stimuli, including exposure to tumor necrosis factor alpha [TNFα] , and facilitates the transcriptional activation of their target genes. [6] [7] [8] These targets can be broadly categorized into positive cell-cycle regulators, anti-apoptotic factors, immunoregulatory cytokines, and negative feedback regulators of NF-κB. 6, 9, 10 Depending on the transcription kinetics, these genes are referred to as immediate-early response genes [IEGs] or secondary/delayed response genes [SRGs] . IEGs, including FOS, JUN, and Early Growth Response 1 [EGR1] , are transcribed within minutes, 10 but the expression of SRGs is delayed, suggesting that their transcription is partially regulated by IEGs. 11, 12 Notably, epigenetic mechanisms are able to coordinate and regulate gene expression, including expression of the inflammatory machinery. Indeed, a recent study by Tarcic et al. linked the loss of the epigenetic modifier RNF20 with inflammation and inflammationassociated colorectal cancer in vitro and in vivo. 13 More specifically, mice with a heterozygous global loss of Rnf20 were predisposed to colonic inflammation as well as inflammation-associated colorectal tumor growth. In addition, the authors observed highly increased NF-κB signaling in response to TNFα stimulation and RNF20 loss in mammary epithelial cells as well as in their mouse model. Generally, the RING finger protein RNF20 forms an obligate heterodimer with RNF40, which together are recruited by the adapter protein WW domain-containing adapter protein with coiled-coil [WAC] to elongating RNA Polymerase II during gene transcription. By virtue of its E3 ubiquitin ligase activity, the RNF20/RNF40 heterodimer monoubiquitinates H2B at lysine 120 [H2Bub1] and thereby promotes transcription. 14 It was proposed that monoubiquitinated H2B facilitates transcriptional elongation by promoting the recruitment of the Facilitates Chromatin Transcription [FACT] complex, which enables histone H2A/H2B dimer displacement to facilitate RNA Polymerase II passage through chromatin across the gene body. 15, 16 Perhaps in part through its role in promoting the transcription of a subset of genes, H2Bub1 was described as a tumor-suppressive mark, since its loss was observed during tumor progression and correlated with poor patient survival in several cancer types, including colorectal cancer. 17 However, the role of RNF40 in the context of inflammation and inflammation-associated CRC remains to be elucidated. Based on previously published studies and the role of H2Bub1 in cancer, we hypothesized that the depletion of RNF40 and therefore, the loss of H2Bub1, would increase inflammatory signaling as well as tumorigenic potential of colorectal cancer cells.
Unexpectedly, functional characterization assays as well as mRNA-seq analyses suggest a potential pro-tumorigenic role for RNF40 in human CRC cells in vitro. Moreover, after TNFα treatment, the induction of several cytokines and further NF-κB target genes was blocked by the knockdown of RNF40. Consistently, a mouse model with a colon-specific loss of Rnf40 displayed a milder inflammatory response compared with wild-type litter mates when challenged with an acute colitis. Together, these findings suggest that RNF40, and H2Bub1 in extension, may play an unexpected oncogenic role in CRC by promoting NF-κB-dependent inflammatory signaling. 
Materials and Methods

Cell characterization assays
Cells were seeded for characterization assays 24 h after siRNA transfection. To assess proliferation rates, 2 000-5 000 cells were seeded onto 96-well assay plates [Corning Life Sciences] and confluence was measured daily using a Celigo ® S cell imaging cytometer [Nexcelom Bioscience LLC]. Clonogenic potential was evaluated by seeding 500 cells onto a six-well plate and waiting until macroscopically visible colonies formed. Soft agar colony formation assays were performed to test the ability to grow in an anchorage-independent manner. A base layer of 0.8% agarose in complete cell culture medium was poured into each well of a six-well plate; 10 000 cells were resuspended in 0.48% agarose in medium and added into each well. Once solidified, agarose layers were covered by complete culture medium and plates were maintained at 37°C with 5% CO 2 for about 1-2 weeks or until colonies were visible macroscopically. To stain colonies, cells were fixed in 4% PFA in PBS for 20 min, washed with PBS, and stained with 1% crystal violet in 20% ethanol for 20 min. Excess dye was removed by washing the plates with water. Upon drying, plates were scanned and the well area covered by cells, or the number of colonies, respectively, was quantified using FIJI.
Cell fractionation
To separate the nuclear and cytoplasmic contents, HCT116 cells were washed twice with PBS and 250 µl Buffer A [10 mM HEPES, 10 mM KCl, 1.5 mM MgCl 2 , 0.34 M sucrose, 10% glycerol, 0.1% Triton X-100, 1 mM dithiothreitol, protease inhibitors; pH 7.9] were added per well of a six-well plate. Cells were incubated on ice for 5 min, scraped and centrifuged at 1300 g at 4°C for 5 min. The supernatant containing the cytoplasmic fraction was stored on ice and the pellet was washed with Buffer A. Upon centrifugation, the supernatant was discarded and the nuclear pellet was resuspended in 200 µl lysis buffer [3 mM EDTA, 0.2 mM EGTA, 1 mM DTT, protease inhibitors]. The cytoplasmic and nuclear fractions were sonicated and stored at -20°C.
Western blotting and quantitative real-time polymerase chain reaction
Protein isolation, western blot analysis, RNA extraction, reverse transcription, and quantitative real-time polymerase chain reaction [qRT-PCR] were performed as previously described. 21, 24 Primary antibodies for western blot and primers for qRT-PCR are listed in Tables S2 and S3 , available as Supplementary data at ECCO-JCC online, respectively. 28, 29 ] was performed as described previously 19, 25 with default settings [1000 permutations for gene sets, Signal2Noise metric for ranking genes]. Own GSEA gene sets were generated by combining all genes significantly upregulated upon TNFα treatment in control HCT116 cells in our experiments, or by summarizing upregulated genes in healthy and inflamed colorectal segments of IBD patients. 31 
Library preparation and next-generation sequencing
Immunofluorescence
HCT116 cells were seeded onto coverslips 24 h post siRNA transfection. On the next day, cells were washed with PBS and fixed with 4% PFA in PBS for 20 min. Cells were then permeabilized with 0.1% Triton X-100 in PBS for 15 min, washed and blocked with 10% FBS in PBS for 1 h. The primary RelA antibody [ Table S2 ] was added in 5% FBS in PBS and incubated in a humidified chamber at 4°C overnight. Cells were washed and incubated with a secondary antibody in PBS [Thermo Scientific, Cat no. A11008] mixed with DAPI 1:1,000 for 1 h. Finally, the cells were washed and coverslips were mounted on microscope slides. Pictures were taken with a Zeiss LSM 510 Meta confocal microscope and fluorescence intensity was quantified using FIJI. 18 and sacrificed at 6 months of age. The generation of mice harboring a conditional Rnf40 allele was described previously by our group. 19 The [2] , diarrhea [3] . To evaluate intestinal bleeding intensity, the stool guaiac test was performed. For this purpose, guaiac resin was dissolved in 70% EtOH until the solution was saturated. A few drops were applied to a Whatman filter paper and left to dry at room temperature. Feces were applied and distributed on the dried guaiac solution. Upon H 2 O 2 addition, blue staining was observed in the presence of blood. Scoring of the stool guaiac test was: no blue staining [0], weak/sporadic staining [1] , medium staining [2] , strong blue staining [3] , and bloody anus [4] . After adding the scores per tested aspect, a maximum score of 11 could be reached per day.
Generation of mice and genotyping
Tissue microarray [TMA]
The patient cohort consisted of 137 colorectal cancer patients, and the H2Bub1 staining intensity was scored based on the proportion of stained tumor cells [0%: score 0, ≤1%: 1, ≤10%: 2; ≤33%: 3, ≤66%: 4, >66%: 5] and staining intensity [no staining: score 0, weak: 1, moderate: 2, strong: 3]. Cases were subdivided based on the total score [sum of proportion and intensity scores] as low [0-2], medium [3] [4] [5] , or high [6] [7] [8] . This research was performed according to the code of conduct for responsible use and was approved by a local ethics committee [Ref. 2006- 
Hematoxylin and eosin staining and immunohistochemistry
Histological analyses were performed as previously described. 21 Briefly, organ sections were de-paraffinized in xylol for 20 min and rehydrated by storing them in decreasing concentrations of ethanol [100%, 90%, 70%] for 5 min each. For hematoxylin and eosin [H&E] staining, slides were washed with water and nuclei were stained in Mayer's hematoxylin solution for 1 min. Excess dye was removed by rinsing slides under running tapwater for 5 min. Counterstaining was performed using eosin for 5-10 min. For immunohistochemistry [IHC] , upon rehydration, antigen retrieval was carried out by boiling slides in 10 mM citric acid buffer or 1 mM EDTA for 15 min. Sections were quenched for endogenous peroxidases with 5% hydrogen peroxide in PBS and blocked with 10% fetal bovine serum [FBS] in PBS. Primary antibodies [ Table S2 ] were diluted in 10% FBS in PBS and incubated overnight at 4°C. Biotinylated secondary antibodies [1:200] and ExtrAvidin-Peroxidase [1:1,000] were added each for 1 h. Staining was developed using 3,3'-diaminobenzidintetrahydrochloride [DAB] and counterstaining was carried out using hematoxylin. Slides were washed, dehydrated in increasing concentrations of ethanol, incubated in xylol and mounted.
Determination of histo-score
Inflammation intensity was scored based on the intactness of the intestinal epithelium and the rate of lymphocyte infiltration, in a range from 0 to 3 with increasing disruption of crypt structure as previously described. 22 We scored as follows: normal intestinal epithelium [0], mild lymphocyte infiltration pushing crypts apart from each other [1] , lymphocyte accumulations destroying crypt structure [2] , no epithelial lining on top of the lymphocyte accumulation [3] . The percentage of damaged tissue was multiplied by the respective score [0-3] and the sum was divided by the maximum histo [H]-score, which was 30.
Mechanical bone testing
Tibiae were placed onto a Zwick device [145 660 Z020/TND] while a stamper moved towards the bone at 50 mm/min. To fix the bone on the plate, a primary force of 1N was applied. Measurements with an accuracy of 0.2-0.4% using 2-500 N were performed while the applied strength was linear, and were aborted once the curve declined by 10 N. Using the testXpert software [Zwick GmbH KG] the applied strength when the deformation was induced [yield load], during fracture [Fmax] , and breaking the bone [failure load], and the bone stiffness, were determined. 23 
Statistical analyses
All graphs in this study were generated with GraphPad Prism ver- 
Results
H2Bub1 is distributed heterogeneously and independently from RNF40 in CRC
Previous studies suggested that a decrease in monoubiquitinated H2B at lysine 120 was associated with advanced tumor grade and stage in breast 26 and colorectal cancer 17 and therefore, H2Bub1 was proposed to largely have a tumor-suppressive function. 27 Therefore, we performed immunohistochemical staining of H2Bub1 in a panel of human colorectal cancer samples with corresponding normal adjacent tissue as a control. Surprisingly, the majority of tumors [59.6%] were characterized by high H2Bub1 levels, and 23.9% showed medium and 16.5% low staining [ Figure 1A] . Intriguingly, across patients we noticed intratumoral heterogeneity in H2Bub1-positive cells [ Figure 1B ]. Since H2Bub1 is mediated by the WAC-RNF20/ RNF40 axis, the levels of RNF20, RNF40, and WAC could determine the clinical outcome of CRC patients as well. When stratifying patients according to their RNF40, RNF20, and WAC levels, using publicly available data generated by the TCGA Research Network [http://cancergenome.nih.gov/], no significant correlation was seen between low expression levels and poor prognosis [ Figure 1C ; Figure  S1A , B, available as Supplementary data at ECCO-JCC online]. Although TCGA data suggest that RNF40 expression in colon and rectal tumors is similar to healthy tissue [ Figure S1C , available as Supplementary data at ECCO-JCC online], a trend [albeit not statistically significant] that high, rather than low, RNF40 expression is associated with decreased survival was observed. The expression levels of RNF20 and WAC, on the other hand, did not correlate with survival.
To investigate the correlation between H2Bub1 and RNF40 in more detail in an in vivo system, Apc 1638N/+ mice with a heterozygous truncating mutation in the Adenomatous Polyposis Coli [Apc] tumor suppressor gene were utilized. Using immunohistochemical staining, H2Bub1 and RNF40 protein levels were evaluated in colorectal tumors from these mice. We frequently detected colorectal tumors containing areas with high and low H2Bub1 staining [ Figure 1D ], and could thereby confirm our observations about intratumoral heterogeneity seen in human colorectal cancer samples. Notably, RNF40 levels were not affected at either the protein or the gene expression level [ Figure S1D , available as Supplementary data at ECCO-JCC online]. In fact, although strong RNF40 staining was detected in almost all cancer lesions, more than half of these tumors were characterized by heterogeneous H2Bub1 levels [ Figure 1E ]. These findings demonstrate that colorectal tumors are frequently characterized by heterogeneous H2Bub1 levels, which appear to be independent of RNF40 levels in mice.
The tumorigenic properties of human CRC cells are reduced by low RNF40 levels
Since previous studies suggested a link between the loss of H2Bub1 levels and advanced tumor stages, indicating a potential tumorsuppressive role of RNF40, we aimed to test the effects of RNF40 loss on the proliferation and tumorigenic potential of six different human colorectal cancer cell lines. No morphological changes were observed 48 h after knockdown of RNF40 [ Figure S1E , available as Supplementary data at ECCO-JCC online]. Cell confluence was measured on a daily basis and, notably, all cell lines showed a reduction in proliferation [ Figure 2A ]. Moreover, the clonogenic potential [ Figure 2B ] and anchorage-independent growth [ Figure 2C ] were reduced upon the loss of RNF40 in all cell lines tested.
To investigate the underlying transcriptome-wide effects of RNF40 loss on gene expression, we performed mRNA-seq studies in HCT116 cells transfected with control [siControl] or RNF40 [siRNF40] siRNAs [ Figure S1F , available as Supplementary data at ECCO-JCC online]. Surprisingly, we found several cell cycleassociated genes to be downregulated [ Figure 2D ] and, accordingly, Gene Set Enrichment Analysis [GSEA 28, 29 ] revealed that cell division processes were impaired following RNF40 depletion [ Figure 2E ; Figure S1G , available as Supplementary data at ECCO-JCC online]. In summary, loss of RNF40 reduced the proliferation, clonogenic potential, and ability to grow in an anchorage-independent manner in all tested colorectal cancer cell lines. Moreover, RNF40-depleted HCT116 cells were characterized by proliferation defects likely caused by deregulation of cell cycle genes. These findings suggest that, in contrast to the effects observed in previous studies following RNF20 depletion, RNF40 is actually required for tumorigenic properties of colorectal cancer cells in vitro and, therefore, may have oncogenic functions in certain contexts.
RNF40 loss delays the nuclear translocation of RelA
Inflammation is one of the major risk factors underlying the development of colorectal cancer.
3,4 Based on our findings suggesting a potential pro-tumorigenic function of RNF40 in CRC and on the previous studies that described a suppressive function of RNF20 in inflammation, 13 we sought to examine the influence of RNF40 on inflammatory processes. Therefore, we explored whether and how NF-κB activity might be affected by RNF40 loss following activation of inflammatory signaling, by treating HCT116 cells with TNFα following transfection with control [siControl] or RNF40-specific [siRNF40] siRNAs. In control cells, the NF-κB transcription factor RelA was readily detectable in the nucleus after 30, 45, and 60 min of TNFα treatment; the signal disappeared almost completely after 6 h [ Figure 3A, B] . Surprisingly, in RNF40-depleted cells no staining was detected in the nucleus after 30 min. Instead, nuclear localization was delayed and observed only after 45 min. Generally, the translocation of NF-κB to the nucleus depends on the activation of IKK via phosphorylation, which then releases NF-κB members through the phosphorylation and targeted degradation of IκB proteins. Consistent with the observed defects in RelA translocation to the nucleus, we observed decreased levels of phosphorylated IKK after the depletion of RNF40 in cells treated with TNFα [ Figure 3C ]. These results suggest that the nuclear translocation of RelA is delayed in RNF40-deficient cells, probably due to decreased IKK activation and subsequent release from inhibitory factors.
RNF40 knockdown reduces inflammatory signaling
Reduced nuclear levels of RelA suggest that the NF-κB transcription factor activity is decreased, thereby affecting the transcription of NF-κB target genes. To gain an overview of the transcriptome-wide effects of RNF40 depletion, we assessed gene expression patterns Figure 4C ]. In particular, the induction of NF-κB target genes was blocked after TNFα treatment and RNF40 knockdown in HCT116 cells. We next sought to determine whether gene expression patterns altered following RNF40 depletion may be relevant for human IBD. Thus, we used previously published expression data from intestine biopsies isolated from IBD patients and compared these with our mRNA-seq data following RNF40 perturbation. 31 When gene sets associated with inflamed or non-inflamed colon regions were compared with changes elicited by RNF40 depletion in TNFα-treated HCT116 cells, we found that genes related to inflamed tissue were enriched in control cells, whereas signatures associated with noninflamed colon biopsies were enriched in RNF40-depleted cells [ Figure 4D ]. Together these findings demonstrate that inflammationinduced activation of NF-κB target genes requires RNF40 function, and that RNF40-dependent genes are dysregulated in IBD patient biopsies.
RNF40 is required for expression of NF-κB target genes after TNFα treatment
After mRNA-seq analysis, we aimed to confirm the effect of RNF40 loss on inflammation and, more specifically on NF-κB-associated inflammatory signaling, in more detail. Moreover, besides monitoring the consequences of depleting RNF40, we performed siRNA-mediated knockdowns for the other major components of the H2B ubiquitin ligase complex, RNF20 and WAC. We were able to confirm at the protein level that the loss of each of these proteins resulted in a loss of H2Bub1 [ Figure S2A , available as Supplementary data at ECCO-JCC online], and therefore sought to investigate their potential roles in controlling inflammatory signaling. HCT116 cells were treated with TNFα 48 h after transfection, to monitor the early induction of NF-κB signaling after 30 min [IEGs] as well as the late induction after 6 h [SRGs]. After verifying the knockdown and the fact that RNF40, RNF20, and WAC expression were not affected by TNFα treatment [ Figure 5A ], the relative mRNA levels of CXCL1, CXCL2, CXCL3, IL-8, FOS, JUNB, EGR1, and IκB were tested. In agreement with our mRNA-seq data, the expression of several NF-κB target genes was induced upon addition of TNFα in control cells [ Figure 5B ]. In contrast, the induction of these factors was reduced by RNF40 depletion after 30 min as well as 6 h of incubation with TNFα. Whereas a similar dampening of NF-κB-mediated transcription can be observed in RNF20 knockdown cells, the loss of WAC showed only mild effects. Notably, these effects were not mediated by altered expression levels of upstream factors [ Figure S2B , available as Supplementary data at ECCO-JCC online].
Heterogeneous colorectal Rnf40 deletion reduces inflammation burden in vivo
Whereas previous studies demonstrated that a global reduction of Rnf20 levels increased colitis burden in mice, our in vitro data suggested that Rnf40 deletion may, in fact, lower inflammation-associated symptoms in vivo. To test this hypothesis, we generated a mouse model with a colon-specific deletion of Rnf40 mediated by the CAC-Cre recombinase. 20 We induced colorectal inflammation by treating mice with DSS, an approach frequently used for modelling acute colitis. 34 During the entire treatment period, the disease activity index [DAI] was determined on a daily basis including scores for weight loss, stool consistency, and occult blood. In support of our in vitro findings, we observed that the DAI was lower after reducing Rnf40 levels in mice, especially at the end of the DSS treatment period [ Figure 6A ]. This difference in DAI among genotypes was mainly mediated by the minimal weight loss measured in CAC-Cre, Rnf40
and Rnf40 fl/fl animals [ Figure 6B ], whereas the stool consistency and the frequency of occult blood were not significantly affected by Rnf40 loss [ Figure S2C , available as Supplementary data at ECCO-JCC online]. Indeed, we were able to confirm the reduction of RNF40 in the intestinal epithelium using IHC [ Figure 6C ]. Notably, All genes upregulated upon TNFα treatment in HCT116 wild-type cells were summarized as a gene set and compared with the expression pattern of control and RNF40-depleted cells using GSEA. This analysis confirms that the subgroup of genes normally upregulated under inflammatory conditions is downregulated following RNF40 depletion.
[C] Venn diagram comparing the overlapping genes which are normally upregulated after TNFα treatment with genes which are upregulated by TNFα in control, but not in RNF40-depleted, cells. These 58 genes whose induction is blocked by RNF40 loss include several NF-κB target genes such as the cytokines CXCL1, 2, 3, and 8, as well as the transcription factors FOS and JUN.
[D] Gene lists were generated from previously published expression data from IBD patients 31 and compared with our mRNAseq results from TNFα-treated HCT116 cells. Gene signatures of TNFα-treated wild-type cells and inflamed tissues were related to each other, whereas gene sets associated with non-inflamed were enriched in RNF40-depleted cells. GSEA, Gene Set Enrichment Analysis; IBD, inflammatory bowel disease.
H&E staining of the colon implicated only mild epithelial damage in Rnf40 heterozygous and knockout animals compared with wild types, whereas the infiltration of immunoregulatory cells was similar among genotypes. We next investigated the inflammatory response upon DSS treatment in more detail, using the Histo-score/H-score. Generally, this scoring system is based on the intactness of the colonic epithelium and lymphocyte infiltration. It ranges from 0 to 3, considering normal epithelium [0], as well as segments with mild [1] , medium [2] , or severe [3] damage. As expected, all mice were characterized by colorectal inflammation due to the DSS treatment. Intriguingly, in contrast to wild-type animals, Rnf40 +/fl and Rnf40 fl/fl mice showed only low proportions of epithelium with medium to severe signs of inflammation [ Figure 6D ]. We aimed to evaluate whether this effect is, similar to our in vitro outcomes, mediated by decreased inflammatory signaling and cytokine expression. For this purpose, we isolated RNA from the colons of the experimental animals and performed qRT-PCR. Indeed, reduced levels of Rnf40 were associated with decreased expression of interleukins 6 and 8 [ Figure 6E ]. Similar to our in vitro results [ Figure 3C ], levels of phosphorylated RelA [pRelA] were reduced proportionately to the reduction in Rnf40 expression [ Figure 6F ].
Interestingly, in patients with inflammatory bowel diseases a decreased bone mineral density and increased fracture risk has been reported. 32 To elucidate whether the dampened colorectal inflammation in CAC-Cre, Rnf40 +/fl , and Rnf40 fl/fl mice would also have systemic effects, bone biomechanical properties were tested. Using a Zwick device, the applied strength during bone deformation and bone fracture was determined. Moreover, the maximum forces applied before breaking the tibia and the bone stiffness were quantified. Indeed, the bone fragility was significantly decreased in animals with reduced Rnf40 levels compared with their wild-type littermates [ Figure 6G ; Figure S2D , available as Supplementary data at ECCO-JCC online]. These outcomes suggest that the colorectal depletion of Rnf40 exerts a protective effect against colorectal inflammation locally as well as systemically.
Discussion
Several studies have linked the loss of H2Bub1 levels to advanced tumorigenesis and, therefore, we and others have suggested that RNF40 and RNF20 may represent potential tumor suppressors. 27, 33 In line with this hypothesis, Tarcic and co-workers observed that a The low DAI observed in Rnf40 +/fl and Rnf40fl /fl animals was mainly mediated by decreased weight loss. Mean ± SEM.
[C] The reduction of RNF40 levels was confirmed using IHC, and the epithelial morphology was assessed using H&E staining. Especially in wild-type animals, the DSS treatment was associated with highly inflamed intestinal epithelium, but the reduction of Rnf40 rescued most crypt structures. Infiltration of CD45-positive immunoregulatory cells was similar among genotypes. global reduction of Rnf20 caused increased colorectal inflammation and inflammation-associated tumorigenesis in mice, mainly due to accelerated NF-κB activity. 13 Since the role of RNF40 was only insufficiently addressed in previous studies, and due to the high similarity between RNF20 and RNF40, we sought to elucidate the role of RNF40 in colorectal inflammation and the tumorigenic potential of CRC cells.
To obtain an impression of the levels of RNF40/H2Bub1 in CRC, we analyzed human colorectal cancer samples as well as colorectal tumor sections prepared from APC 1638N/+ mice. We detected that intratumoral H2Bub1 amounts are highly heterogeneous in human and murine colorectal cancer lesions. This observation is in line with the general concept of the presence of epigenetically diverse cellular subpopulations within a single tumor. Differences in mutations, epigenetic regulation, morphology, and differentiation status within one disease site can be reasons underlying therapy resistance and, consequently, can also affect prognosis. 35 Therefore, we were not surprised by our finding that also H2Bub1 levels can vary within a single tumor. Interestingly, in mouse tumors we detected that tumor regions with low H2Bub1 staining nevertheless maintained expression of RNF40. This suggests that tumor-associated loss of H2Bub1 is likely triggered by other means, which still remain to be elucidated. Although publicly available TGCA expression data indicate that RNF20 and WAC levels do not influence CRC patient survival, higher RNF40 mRNA levels showed a tendency towards being associated with poor prognosis. These findings suggest that the roles of RNF20, RNF40, and WAC in colorectal cancer are likely to be context-specific and cannot be strictly viewed as tumor-suppressive. Consistent with a potential tumorigenic function of RNF40, independent of the mutational profile, RNF40 reduction in six CRC cell lines was associated with decreased proliferation, clonogenic potential, and anchorage-independent growth. These findings were supported by mRNA-seq studies identifying RNF40-dependent genes as being associated with cell division processes. These observations support a potential pro-tumorigenic function of RNF40 whereby it might enhance the aggressiveness of CRC cells in vitro, supporting the tendency observed in the TGCA survival data.
Previously published data implied that RNF20 suppresses NF-κB signaling. 13 However, our findings demonstrate that RNF40 loss delays the nuclear localization of the NF-κB member RelA. Accordingly, the transcription of NF-κB targets was reduced in RNF40 knockdown cells, whereas the expression of upstream factors was not affected. Due to their similarity in the contribution to H2B monoubiquitination, the effects of RNF20 and WAC reduction were also studied. RNF40 and RNF20 knockdown both decreased expression levels of various genes, but WAC reduction only negatively affected the transcription of a smaller subset of NF-κB targets. Therefore, since depletion of RNF20, RNF40, or WAC similarly resulted in a global loss of H2Bub1 levels, it appears that the effects observed on NF-κB-associated genes are likely independent of the H2B ubiquitin ligase function of RNF20 and RNF40. In support of our in vitro data demonstrating a role for RNF40 in mediating the effects of inflammatory signaling, the heterogeneous loss of Rnf40 decreased inflammation burden in a mouse model of acute colitis. Notably, this effect was not mediated by a decreased infiltration of immunoregulatory CD45-positive cells, suggesting that reduced NF-κB signaling underlies the protective effect of the Rnf40 knockout. These findings raise the question whether RNF40 may catalyze the ubiquitination of other protein targets in the cell, possibly thereby directly influencing NF-κB activity independent of epigenetic regulation via H2B monoubiquitination. Surprisingly, our in vitro as well as in vivo data were not in agreement with the findings published by Tarcic et al. 13 This apparent discrepancy may potentially be due to the possibility that RNF20 and RNF40 have opposing functions, or due to differences in the experimental setups. In particular, whereas Tarcic et al. used mice with a global heterozygous reduction of Rnf20, we generated mice with a colon-specific knockout of Rnf40 mediated by the colon-specific CAC-Cre recombinase. As discussed by Tarcic et al., to what extent the inflammation-associated effects were mediated by the reduction of Rnf20 in the colon or by secondary global effects modulating the immune response or microbiota, could not be ascertained in their experimental system. In addition, their mice underwent a protocol for chronic colitis in which mice were treated with 2% DSS for three cycles of 5 days in a row, each DSS cycle followed by 14 days' treatment pause. In contrast, we administered a lower dose of DSS [0.75%] for 14 consecutive days to investigate the effects during acute colitis. Notably, we were able to demonstrate that our DSS treatment scheme has systemic consequences by increasing bone fragility in wild-type mice. To elucidate whether the differences between data from our study and the study on RNF20 are due to opposing functions of RNF20 and RNF40 in inflammation, or whether RNF20 and RNF40 play different roles in controlling inflammation in intestinal epithelial cells and immune cells, future studies exploring conditional loss of RNF20 or RNF40 in both immune and epithelial cells will be essential.
Our results demonstrate that RNF40 exerts oncogenic functions in vitro, thereby not only affecting proliferation, clonogenicity, and anchorage-independent growth, but also promoting the NF-κB-associated inflammatory response. This occurs through a reduction of the levels of IKK phosphorylation upon RNF40 loss, which results in delayed entry of RelA into the nucleus. The protective effect of RNF40 loss on inflammatory burden was confirmed in a DSS-based mouse model of acute colitis, and confirmed when comparing our mRNA-seq results with expression studies performed with human IBD biopsies. Further experimental approaches will help to unravel the exact molecular mechanisms that RNF40 uses to dampen the inflammatory response, and whether or how these mechanisms are different from RNF20-mediated processes. Additional studies will help to elucidate the effects of Rnf40 loss on inflammation-associated colorectal tumor formation and determine whether RNF40 may serve as a therapeutic target for reducing the devastating effects of inflammatory bowel diseases.
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